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Abstract (approx 200 words) 
Pacific salmon (​Oncorhynchus​ spp.) are ecological and cultural keystone species along 
the Northwest Coast of North America and are ubiquitous in archaeological sites of the 
region. The inability to morphologically identify salmonid post-cranial remains to 
species, however, can limit our understanding of the ecological and cultural role 
different taxa played in the seasonal subsistence practises of Indigenous groups in the 
past. Here, we present a rapid, cost-effective ZooMS method to distinguish salmonid 
species based on collagen peptide mass-fingerprinting. Using modern reference 
material and an assemblage of 28 DNA-identified salmonid bones from the pre-contact 
Yup’ik site of Nunalleq, Western Alaska, we apply high-resolution mass spectrometry 
(LC-MS/MS) to identify a series of potential collagen peptide markers to distinguish 
Pacific salmon. We then confirm these peptide markers with a blind ZooMS analysis 
(MALDI-TOF-MS) of the archaeological remains. We successfully distinguish five 
species of anadromous salmon with this ZooMS approach, including one specimen that 
could not be identified through ancient DNA analysis. Our biomolecular identification of 
chum (43%), sockeye (21%), chinook (18%), pink (7%) and coho (11%), confirm the 
exploitation of all five available species of salmonid at Nunalleq.  
 
  
1 Introduction  
On the Northwest Coast of North America, Pacific salmon and trout (​Oncorhynchus            
spp.) are both ecological ​(Willson and Halupka, 1995) and cultural ​(sensu Garibaldi and             
Turner, 2004) keystone species. Salmon become increasingly abundant in Northwest          
coast archaeological sites from 4000 BP, and likely played an important role in the              
emergence and development of distinctive cultures along the Northwest Coast. Multiple           
anadromous species of salmonids were exploited by Northwest Coast cultures,          
including the chinook or spring salmon (​Oncorhynchus tshawytscha​), sockeye         
(​Oncorhynchus nerka​), coho (​Oncorhynchus kisutch​), pink (​Oncorhynchus gorbuscha​),        
chum (​Oncorhynchus keta​), steelhead (​Oncorhynchus mykiss​) — as well as ​its           
non-anadromous form, rainbow trout — and cutthroat trout (​Oncorhynchus clarkii​).          
These salmonid species vary considerably in their distribution, life histories, spawning           
age and habitat, average size, fat content, etc. ​(Quinn, 2018) making species-level            
identification of salmon bone important for a wide range of anthropological and            
archaeological questions ​(S. Campbell and Butler, 2010)​, including fishing technologies,          
season of site occupation, sedentism and storage, distribution of resources within and            
between communities, and the rise of social complexity.  
 
Pacific salmon and trout belong to the larger group of ​Salmoniformes including other             
highly fished species such as Atlantic salmon and trout (​Salmo spp.​) (Figure 1).             
Salmoniformes and ​Escoiformes diverged around 100 million years ago (MYA)          
(Broughton et al., 2013; Campbell et al., 2013; Santini et al., 2009; Zhivotovsky, 2015)​.              
Before the ​Salmoniformes diversified, a whole genome duplication occurred in the           
lineage ​(Allendorf and Thorgaard, 1984; Pasquier et al., 2016)​. Species within the order             
have experienced asymmetrical gene loss from this duplication and therefore still           
express both versions of many of the genes ​(Berthelot et al., 2014)​, with all individuals               
within any given species expressing either one or both versions of a gene. Thus,              
although ​Salmoniformes are well studied, their phylogenetic tree is not well resolved            
particularly near branches that likely diverged quickly or are polyphyletic          
(Crête-Lafrenière et al., 2012; Horreo, 2017; Lecaudey et al., 2018)​. Nevertheless, there            
is consensus that ​Oncorhynchus is a monophyletic genus that diverged from the sister             
taxa ​Salvelinus 18-30 MYA ​(Horreo, 2017; Lecaudey et al., 2018; Zhivotovsky, 2015)​.            
Within ​Oncorhynchus ​there are the masu salmon (​O. masou​) whose range covers the             
Western Pacific waters near China, Japan, and Korea, the Pacific trout (rainbow trout,             
steelhead, and cutthroat trout), and the anadromous Pacific salmon (chinook, sockeye,           
coho, pink, and chum) ​(Gong et al., 2017; Horreo, 2017; Kitano et al., 1997)​. These               
three groups diverged 10-25 MYA and the relationships within each group are well             
resolved ​(Alexandrou et al., 2013; Lecaudey et al., 2018; Rasmussen et al., 2009;             
Zhivotovsky, 2015)​. There are a number of other non-anadromous ​Oncorhynchus trout           
species and subspecies in North America whose phylogenetic history is poorly resolved            
(Abadía-Cardoso et al., 2015; Penaluna et al., 2016; Petre and Bonar, 2017; Saglam et              
al., 2017)​. The non-anadromous species of Pacific trout are known to hybridize with             
each other as they can spawn at the same time and location ​(Allen et al., 2016;                
Ferguson et al., 1985; Kovach et al., 2018)​. The anadromous Pacific salmon, however,             
have a much lower hybridization rate particularly in the Pacific Northwest ​(Rasmussen            
et al., 2009; Rosenfield et al., 2000)​, because although they occupy the same waters as               
adults, spawning is highly specific to particular time periods and watersheds ​(Dittman            
and Quinn, 1996; Groot, 1991; Quinn and Dittman, 1990)​. This highly predictable            
spawning time and behaviour, linked to specific natal streams and watersheds, is what             
makes Pacific salmon species interesting from an archaeological perspective, in          
essence allowing for the seasonality of catch to be determined. 
 
 
Figure 1: Consensus phylogenetic tree of ​Salmoniformes from (Horreo, 2017; Lecaudey et al.,             
2018; Zhivotovsky, 2015). The genus ​Parahucho is not included as its position is highly variable               
(Crête-Lafrenière et al., 2012) and not relevant for this study. Yellow stars indicate whole genome               
duplications (WGD) which occurred basal to all bony fish around 320 MYA (Gistelinch et al., 2016;                
Meyer and Van de Peer, 2005) and basal to ​Salmoniformes 70-90 MYA (Allendorf and Thorgaard,               
1984; Pasquier et al., 2016). Green stars indicate key divergence dates for ​Salmoniformes and              
Esociformes at around 100 MYA, ​Salvelinus and ​Oncorhynchus 18-30 MYA, and the three groups              
within ​Oncorhynchus​ 10-25 MYA (Alexandrou et al., 2013; Horreo, 2017; Lecaudey et al., 2018). 
 
Due to their close evolutionary relationship, however, distinguishing species of Pacific           
salmon using skeletal elements alone is extremely challenging ​(Butler and Bowers,           
1998) and usually only possible if all elements are present, particularly those of the              
cranium ​(Cannon, 1988)​. Species discrimination has been attempted on vertebrae          
(Cannon, 1988)​, scales ​(Campbell, 2010; Henry, 1961; McMurrich, 1913)​, and otoliths           
(Casteel, 1974; Murray, 1994)​, by correlating incremental growth rings with known           
spawning ages of salmon. Radiographic analysis of vertebral growth rings proved a            
potentially non-destructive, rapid and cost-effective identification method ​(Cannon,        
1988; Cannon and Carlson, 1991)​. Recently, however, Hofkamp and Butler ​(2017)           
demonstrated that vertebral rings identified through radiographic analysis do not          
represent annual growth rings, but internal structural walls uncorrelated with the known            
age of study fish. For scales and otoliths, the width and number of microscopic annuli               
more accurately correspond with annual cycles of fresh and salt-water occupation           
(Friedland and Haas, 1996; Fukuwaka, 1998; Murray, 1994; Saito et al., 2007)​. These             
tissues, however, are rarely recovered in representative numbers from         
zooarchaeological assemblages. Huber et al. ​(2011) also applied morphometric         
methods to vertebrae to address this identification problem; they measured vertebral           
length and height (and calculated the corresponding ratio) from modern Washington           
State reference specimens and classified them into discrete size/species classes. When           
applied to icthyoarchaeological remains from Alaska (and validated through ancient          
DNA analysis), however, this morphometric technique was only effective at          
discriminating pink salmon, and less so for other species ​(Moss et al., 2014)​.  
 
Biomolecular approaches have been deployed in an effort to definitively identify           
archaeological salmonids —the most common being ancient DNA techniques ​(Cannon          
et al., 2011; Ewonus et al., 2011; Halffman et al., 2015; Kemp et al., 2014; Speller et al.,                  
2005)​. These studies have typically targeted mitochondrial DNA (mtDNA), amplifying          
relatively short diagnostic fragments (150–300 bp) of the control region, cytochrome b            
(cytb) or 12S rRNA genes to identify taxa by comparison to a databank of known               
species and populations ​(Kemp et al., 2014; Yang and Speller, 2006)​. As previously             
mentioned, ancient DNA-based species identification methods have also been         
employed to validate zooarchaeological identification methods, for example        
osteometric/morphometric analyses of vertebral size and shape ​(Grier et al., 2013;           
Moss et al., 2014)​.  
 
Recently, collagen-based identification approaches have emerged as a rapid, 
high-throughput and cost-effective alternative for taxonomic identification ​(Buckley, 
2018; Collins et al., 2010)​. Collagen peptide mass fingerprinting (also known as ZooMS 
or Zooarchaeology by Mass Spectrometry) has been developed for the rapid 
identification of archaeological bone ​(Buckley et al., 2009)​, and over the last 10 years 
has been used to discriminate morphologically similar ruminants ​(Taylor et al., 2018; 
von Holstein et al., 2014)​, marine mammals ​(Biard et al., 2017; Buckley et al., 2014; 
Hofman et al., 2018)​ and rodents ​(Buckley et al., 2016; Prendergast et al., 2017)​ from 
archaeological contexts. ZooMS uses collagen type I, a structural, triple helix fibral 
collagen that makes up the majority of the organic component of living bone. In 
tetrapods collagen type I is composed of two identical α1 chains (col1a1) and one α2 
chain (col1a2). Collagen type I in many fish species is heterotrimeric and composed of 
three different chains. Col1a2 in fish is homologous to col1a2 in tetrapods.  Col1a1 and 
col1a3 in fish are likely the result of the fish-specific whole genome duplication ~320 
MYA and are both homologous to col1a1 in tetrapods ​(Christoffels et al., 2004; 
Gistelinck et al., 2016; Hurley et al., 2006; Kimura et al., 1991; Kimura and Ohno, 1987; 
Meyer and Van de Peer, 2005; Morvan-Dubois et al., 2003; Near et al., 2012)​. As there 
are three genes present which have higher mutation rates than mammal collagen 
(Martin and Palumbi, 1993; Takezaki, 2018)​, the potential for identifying species-specific 
collagen peptide markers among closely-related (and thus often morphological similar) 
fish taxa is quite high ​(Korzow-Richter et al., 2011)​. For example, a recent study 
demonstrated the utility of ZooMS for distinguishing anadromous Atlantic salmon from 
brown trout ​(Harvey et al., 2018)​. In order to explore the extent to which species-specific 
biomarkers (i.e., distinctive peptide peaks) could be identified in Pacific salmon —and to 
develop a rapid and cost-effective method for Pacific salmon identification— we applied 
ZooMS to an assemblage of salmonid remains excavated from the archaeological site 
of Nunalleq, Western Alaska. 
 
1.1 Nunalleq Site Background 
Nunalleq (GDN-248) is a pre-contact Yup’ik site, located on the shores of the             
Yukon-Kuskokwim (Y-K) Delta, close to the modern village of Quinhagak. Nunalleq was            
a densely occupied village, inhabited primarily during the 16th and 17th centuries AD             
(Ledger et al., 2018)​. Today, the region is home to the Central-Alaska Yupiit, who are               
likely descendants of the Thule —an archaeological culture found across the New World             
Arctic between ~1000 and 1400 AD ​(Raghavan et al., 2014)​. While historically            
under-researched, the sparse precontact Yup’ik archaeological record has recently         
been enriched by the collaborative, community led archaeological excavations at the           
Nunalleq site ​(Fienup-Riordan et al., 2015; Hillerdal, 2017; Hillerdal et al., 2018)​. 
 
In partnership with the Native Corporation Quanirtuuq Inc., excavations at the site            
between 2009-2010 and 2012-2015 revealed multiple phases of occupation, with          
episodes of architectural remodelling ​(Ledger et al., 2018)​, prior to the eventual            
destruction of the site. The site includes the remains of a large sod and timber dwelling                
comprising multiple rooms running off a central passageway (Figure 2). At least three             
different occupation phases, dating between c. 1570 and 1675 AD have been identified             
based on the presence of successive house floor and leveling deposits and evidence of              
architectural remodeling ​(Ledger et al., 2018, 2016)​. Phase II represents the last            
occupation at the site, dated approximately between 1640/1660 to 1675 AD, including            
dramatic evidence of destruction related to an attack on the village during a period of               
regional warfare ​(Fienup-Riordan and Rearden, 2016; Funk, 2010)​. Phase III was an            
earlier occupation, which began between AD 1620-1650 and endured for up to 35             
years, during which the layout of the dwelling was very similar to Phase II ​(Ledger et al.,                 
2018)​. Phase IV represents an earlier occupation that has only recently been excavated             
(Rick Knecht, ​pers comm​) but for which initial dates suggest an occupation beginning             
cal 1570–1630 AD (Ledger et al. 2018)​. ​A combination of permafrost and waterlogging             
has led to the impressive preservation of organic materials at the site such as grass,               
leather, wood, bone and antler artefacts. Also preserved are a number of fishing related              
items such as barbed prongs, fish lures, net sinkers, nets, and wooden fish traps,              
suggesting that a variety of methods were used to exploit fish as observed during the               
historic period (Rick Knecht, ​pers comm​). Human hair, animal fur, animal bone,            
including articulated salmon remains, and caribou antler were all recovered from the            
site, usually in very good condition, resulting in the preservation of collagen and ancient              
DNA thus providing reliable material for the application of biomolecular methods ​(Britton            
et al., 2018, 2013; Farrell et al., 2014; Gigleux et al., 2019; McManus-Fry et al., 2018;                
Raghavan et al., 2014)​. The faunal assemblage from the site was dominated by             
salmon​ids, most likely Pacific salmon and trout ​(​Oncorhynchus spp​.), marine mammals           
(mainly seals), caribou (​Rangifer tarandus​) and domestic dog (​Canis familiaris​),          
indicative of a tripartite resource subsistence strategy centered on salmon​ids​, seals and            
caribou and for which dogs also played an important role for hunting and transportation              
as well as acting as a source of food in times of scarcity ​(Masson-MacLean et al., 2019;                 
Masson-Maclean et al., n.d. In review; McManus-Fry et al., 2018)​. ​Isotope studies on             
human hair at the site also confirm the importance of salmonids and marine mammals              
in the diet​ ​(Britton et al., 2018, 2013)​.  
 
An initial assessment of the hand-collected salmonid remains from the site highlighted            
that vertebrae represented 81% of the sample (N=2586). Very few non-salmonid           
remains have also been observed in bulk samples, currently undergoing analysis,           
suggesting other fish species were also exploited at the site, though very likely of lesser               
importance than salmonids. Isotope analyses also mirror this apparent predominance of           
salmonids over other fish resources, such as marine fish, in the diet ​(Britton et al.,               
2018)​. According to the ethnographic record, apart from salmonids, coastal historic           
Yupiit in SW Alaska traditionally exploited a variety of marine, anadromous and            
freshwater fish from their environment throughout most of the year, such as salmonids,             
smelt, herring, blackfish, pike or flounder ​(Barker, 1993; Frank, 2008; LaVine et al.,             
2007; Wolfe et al., 1984)​. Salmonids present in the region include Pacific salmon and              
trout (​Oncorhynchus spp.) —but excluding cutthroat trout which does not occur today            
north of the Alaska Peninsula ​(Hauser, 2014)​— char (​Salvelinus spp.​), whitefish and            
cisco (​Coregoninae spp.​), and Arctic grayling (​Thymallus arcticus​). At the time of            
writing, the Nunalleq fish assemblage appears to be almost exclusively composed of            
salmonid remains with Pacific salmon the only species identified to date           
(Masson-MacLean et al., 2019)​. 
 
The current study applied ancient DNA analyses to: 1) validate the species of Pacific              
salmon present in the Nunalleq archaeological assemblage; and 2) use these data to             
identify potential diagnostic collagen peptide markers for five Pacific salmon species.  
 
 
Figure 2: Site plan (Phase II layout) and location map of the Nunalleq site. 
 
2. Materials and Methods 
2.1 Archaeological Specimens 
A sample of 28 salmon caudal vertebrae were analysed in this study originating from              
different house floor deposits in order to reduce the possibility of selecting elements             
from the same individual (Table 1). To maximise the chance of all species of Pacific               
salmon being represented in the sample, vertebrae of various sizes were selected. The             
vertebrae were all hand-collected during the excavation and the fish remains, along with             
the rest of the Nunalleq faunal assemblage, are currently stored at the University of              
Aberdeen, Scotland. 
 





We obtained modern reference specimens of rainbow trout as a representative of the             
Pacific trout group. We also obtained modern Atlantic salmon and brown trout as             
representatives of a different genus in order to compare the collagen sequences and             
peptide markers of Pacific salmon with other salmonids. The Atlantic salmon and brown             
trout were acquired from the “Proyecto Arca” (Arca Project) carried out by the             
Asociación de pescadores ​Las Mestas del Narcea (an association of fishermen in            
Pravia, Asturia, North Spain) where salmon were legally caught, transported to a            
hatchery where the eggs were gathered during spawning, and then released back to the              
river. When salmon died naturally during the project, the fish were frozen and sent to               
Madrid to Dr. Laura ​Llorente Rodríguez​. The skeletons were prepared using water            
maceration. We obtained modern reference specimens of rainbow trout from the           
Kanektok River near Quinhagak, Alaska; the trout was collected in the summer of 2015              
by members of Qanirtuuq Incorporated, and forms part of the zooarchaeological           
reference collection at the University of Aberdeen. 
 
2.3 Genetic Species Identifications 
2.3.1 DNA Extraction, Amplification, and Sequencing 
The 28 archaeological salmon bones from the Nunalleq site initially underwent ancient            
DNA analysis to confirm species identity. Sample preparation and DNA extraction were            
conducted in the BioArCh dedicated Ancient DNA laboratory at the University of York,             
following strict contamination control protocols such as: the separation of the pre-PCR            
and post-PCR workspaces; the use of ancient DNA dedicated equipment including           
clothing, equipment and reagents; the analysis of both blank extractions and negative            
controls alongside the ancient DNA samples; and multiple extractions from the same            
sample in order to reproduce the original results. ​First, all bone samples were split in               
half, with one subsample retained for ZooMS and the other for DNA analysis. The              
subsamples for DNA analyses were chemically decontaminated through submersion in          
6% sodium hypochlorite for 5 minutes followed by UV irradiation for 30 min on two               
sides, before being crushed into powder. The samples were incubated overnight in 1             
mL of lysis buffer (0.5 M EDTA pH 8.0 and 0.5 mg/mL proteinase K) in a rotating                 
hybridization oven at 50°C. Samples were then centrifuged and the supernatant from            
each sample was concentrated to <100 μL using Amicon Ultra-4 Centrifugal Filter            
Devices (10 KD, 4mL, Millipore). Concentrated extracts were purified using QIAquick           
spin columns (QIAGEN, Hilden, Germany) based on the method developed by Yang et             
al. ​(1998)​; 60 μL of DNA from each sample was eluted from the QIAquick column for                
PCR amplification. 
 
PCR amplifications targeted two fragments of mtDNA (cytb and D-loop) previously           
demonstrated to accurately distinguish Pacific salmon species ​(Yang and Speller,          
2006)​. PCR amplifications were performed in a 30 μL reaction volume containing 1.5X             
Applied Biosystems™ Buffer, 2 mM MgCl​2​, 0.2 mM dNTP, 1.0 mg/mL BSA, 0.3 mM              
primer, 2.0-3.0 μL DNA sample and 2.5-3.75 U AmpliTaq Gold LD (Applied            
Biosystems). Initially, samples were amplified with primers targeting 168 bp of the cytb             
gene; a subset of samples were also amplified with a longer fragment targeting 249 bp               
of the hypervariable D-loop to confirm cytb species identifications. Successfully          
amplified samples were sequenced using forward and/or reverse primers at Eurofins,           
Germany. Good quality sequences were obtained for all but two of the amplified             
samples: 13141.59.F2 and 14105.25.F1 yielded poor quality cytb sequences, however,          
the D-loop sequence for 13141.59.F2 was sufficient to make a species identification.            
Thirty-eight sequences were uploaded to the Genetic Sequence Database at the           
National Center for Biotechnical Information (NCBI) (GenBank ID:        
MK863994-MK864031). 
 
2.3.2 Species Identification 
The obtained sequences were first compared to Genbank reference sequences through           
the online BLAST application to determine their closest match, and to ensure that they              
did not match with any other unexpected species or sequences. Sample sequences            
were visually edited and base pair ambiguities were examined using ChromasPro           
software (www.technelysium.com.au). Alignments of the ancient DNA sequences and         
published salmonid reference sequences were conducted using ClustalW ​(Thompson et          
al., 1994)​, through BioEdit ​(Hall, 1999)​. Species identifications were confirmed through           
phylogenetic analysis of a ​118 bp cytb fragment and 198 bp D-loop fragment,             
respectively​. The ModelTest (ver. 2.3) software ​(Posada and Crandall, 1998) was           
employed to determine the best-fit model (GTR+G, selected by AIC), implemented in            
MrBayes 3.2.5 ​(Ronquist and Huelsenbeck, 2003)​. Ten million generations of analyses           
were performed to produce the phylogeny and clade credibility scores, with a burnin of              
one million generations, chosen ​post hoc after examination of parameter convergence           
in Tracer 1.7 ​(Rambaut et al., 2018)​. Phylogenetic trees were created using FigTree             
1.4.4 ​(Rambaut, 2007)​.  
 
2.4 Collagen Sequencing and Peptide Mass Fingerprinting (ZooMS) 
2.4.1 Experimental design and workflow 
Following genetic species identification, one representative (i.e., one archaeological         
bone ​subsample​) from each of the five ​DNA-identified ​species was selected for collagen             
sequencing (subsequently referred to as ‘archaeological reference samples’) (Table 1).          
From the modern samples, one Atlantic salmon, two brown trout, and one rainbow trout              
were selected randomly for sequencing (subsequently referred to as ‘modern reference           
samples’). First, collagen from the archaeological and modern reference samples was           
extracted, enzymatically digested, and assessed for overall quality and preservation via           
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry      
(MALDI-TOF-MS). The resulting MALDI spectra along with publicly accessible protein          
sequence data were used to generate a list of ‘theoretical peptide markers’ (detailed             
methods below). Second, collagen from the reference samples was analysed via           
nanoflow liquid chromatography-tandem mass spectrometry (nLC-MS/MS) to       
authenticate the sequences from the theoretical peptide markers and generate the list of             
shared and diagnostic peptide markers. Third, collagen from all remaining          
archaeological samples, two Atlantic salmon, two brown trout, and one rainbow trout            
was extracted and characterized using MALDI-TOF-MS. In a blind test, mass spectra            
from the five newly extracted modern samples and all 28 archaeological samples            
(including the five archaeological reference samples) were compared against the list of            
diagnostic peptide markers to identify the species. Finally, in a blind test, species             
identifications based on the peptide markers were compared to those obtained using            




Figure 3​:​Workflow diagram illustrating sequential steps of marker discovery and confirmation. 
 
2.4.2 Collagen Extraction 
For the modern reference samples, between 50-200 mg of salmon bone was placed in              
eppendorf tubes and demineralized in 8 mL of 0.6 M hydrochloric acid at 4°C. Following               
centrifugation, the supernatant was removed and the samples were rinsed three times            
in 8 mL of ultrapure water. Then, 4 mL of HCl (pH 3.0) was added to the samples,                  
followed by incubation for 48 hours at 80°C to gelatinise the collagen. The collagen was               
then purified using an ultrafilter (Amicon Ultra-4 Centrifugal Filter Devices, 30 KD, 4 ml,              
Millipore) and then freeze dried. Between 0.1-0.4 mg of dried collagen was            
resuspended in 50 μL of 50 mM ammonium bicarbonate solution (NH​4​HCO​3​) pH 8.0             
(AmBic) and incubated overnight at 37°C with 0.4 μg of trypsin. A second resuspension              
of collagen was incubated overnight at 25°C with 0.4 μg of elastase.  
 
For the archaeological reference samples, between 10-30 mg of bone was placed in             
eppendorf tubes and demineralized in 250 μL of 0.6 M hydrochloric acid at 4°C.              
Following centrifugation, the supernatant was removed and 200 µl of 0.1 M NaOH was              
added to the sample to remove humics and other chromophoric compounds. The            
samples were vortexed and centrifuged, and the supernatant discarded. The samples           
were rinsed three times in 200 µL of AmBic. Finally, 100 µL of AmBic was added to the                  
samples, followed by incubation for one hour at 65°C to gelatinise the collagen.             
Samples were centrifuged and 50 μL of the supernatant was incubated overnight at             
37°C with 0.4 μg of trypsin ​(Buckley et al., 2009)​. An additional 50 µL of gelatinized                
collagen from each sample was incubated overnight at 25°C with 0.4 μg of elastase.  
 
Following trypsin/elastase digestion, both modern and archaeological samples were         
then acidified to 0.1% trifluoroacetic acid (TFA), and purified using 100 μL C18 resin              
ZipTip® pipette tips (EMD Millipore) using conditioning and eluting solutions composed           
of 50% acetonitrile and 0.1% TFA, and 0.1% TFA for the lower hydrophobicity buffer.              
Collagen was eluted in 50 μL. 
 
2.4.3 MALDI-TOF-MS and theoretical biomarker determination 
The archaeological and modern reference samples were analyzed via MALDI-TOF-MS          
in order to create a list of theoretical peptide markers, and subsequently by LC-MS/MS              
to confirm those biomarkers. For MALDI-TOF-MS, 1 μL of the trypsin-digested extract            
was mixed with 1 μL of α-cyano-hydroxycinnamic acid and spotted in triplicate with             
calibration standards onto a 384 spot MALDI target plate. The samples were run on a               
Bruker ultraflex III MALDI TOF/TOF mass spectrometer with a Nd:YAG smart beam            
laser, with a SNAP averaging algorithm was used to obtain monoiosotopic masses (C             
4.9384, N 1.3577, O 1.4773, S 0.0417, H 7.7583). Spectra were visually inspected             
using the mMass software ​(Strohalm et al., 2008) and all samples produced high-quality             
spectra with high signal to noise ratios, and multiple discrete peaks.  
 
Publically available salmon collagen sequence data was obtained from Genbank and           
Phylofish transcriptome database ​(Pasquier et al., 2016)​, including collagen type I for            
Atlantic salmon (XP_014048044.1, XP_014059932.1, XP_014033985.1,     
XP_013998297.1, XP_014035319.1, XP_014065361.1), brown trout     
(NSTid:64109-54964-73256, NSTid:2881, NSTid:28977, NSTid:31221-73256,    
NSTid:44848, NSTid:51479-73256-64109), rainbow trout (NP_001117649.1,     
CDQ73303.1, BAB55663.1, BAB55662.1, D2OMid:55140-44007,    
D2OMid:56516-54949-6383-55140), coho (XM_020493253.1, XP_020360620.1,    
XP_020355639.1, XP_020316038.1, XP_020327438.1), and chum (BAB79230.1,      
BAB79229.1). The sequences were aligned and compared to collagen type I sequences            
from the model organism zebrafish (​Danio rerio) (AAH63249.1, AAH71278.1,         
AAH58045.1), in order to confirm which sequences were col1a1 and col1a3 as these             
are commonly mislabeled by annotation software (SI Table 5). The versions were then             
determined by similarity and randomly numbered. The Phylofish data was checked for            
completeness and both chimeric and possibly chimeric sequences were removed.  
 
Using Bacollite v0.0.2 ​(Hickinbotham and Collins, 2017; Hickinbotham et al., n.d.)​, the            
sequence data was theoretically (i.e., ​in-silico​) digested with trypsin and the resulting            
peptides were used to generate a set of theoretical spectral peaks which allowed for              
hydroxylation of proline and deamidation of glutamine as well as isotope distribution            
alignment (SI Methods 1)​. The theoretical dataset was then compared against the            
spectra data obtained from each of the species to detect ‘theoretical peptide markers’.             
This list of theoretical peptide markers was augmented with published biomarkers for            
salmonids ​(Harvey et al., 2018) and peptide markers identified through visual           
comparison of spectra from the five archaeological reference samples. 
 
2.4.4 nLC-MS/MS and confirmation of biomarkers 
In order to confirm the sequences of the theoretical peptide markers, the archaeological             
and modern reference samples were characterized by nLC-MS/MS. The trypsin and           
elastase digests were combined in equal peptide concentrations for each of the modern             
and archaeological reference samples after digest, respectively, and analyzed at the           
Discovery Proteomics Facility, Target Discovery Institute, Oxford. High resolution mass          
spectrometry was performed on a Q-Exactive instrument after UPLC separation on an            
EASY-Spray column (50 cm, 75 mm ID, PepMap RSLC C18, 2 mm) connected to a               
Dionex Ultimate 3000 nUPLC (all Thermo Scientific) using a gradient of 2–35%            
Acetonitrile in 0.1% Formic Acid/5% DMSO and a flow rate of 250 nL/min @40°C. MS               
spectra were acquired at a resolution of 70000 @200 m/z using an ion target of 3E6                
between 380 and 1800 m/z. MS/MS spectra of up to f15 precursor masses at a signal                
threshold of 1E5 counts and a dynamic exclusion for 7 seconds were acquired at a               
resolution of 17500 using an ion target of 1E5 and a maximal injection time of 128 ms.                 
Precursor masses were isolated with an isolation window of 1.6 Th and fragmented with              
28% normalized collision energy. MS/MS data was uploaded to ProteomeXchange          
through MassIVE MSV000083687 (​doi:10.25345/C5G04C​). 
 
For confirmation of biomarkers where sequence data was available, the MS/MS spectral            
data was then analyzed using Byonic v.3.2.0 (​Protein Metrics Inc. ​(Bern et al., 2012)​)              
with the following parameters: cleavage sites fully specific C-term R and K; 2 missed              
cleavages allowed; mass changes - ​4 common, 1 rare​; common: oxidation on M, P, and               
K, deamidation on N and Q; rare: pyro-Glu on N-term E and Q; no sequence variations                
allowed, wildcard search disabled. The CollagenDB database was formed from all of the             
sequence data for collagen type I, the top proteins in the search against the salmonid               
proteome (SI Table 2), and common contaminants ​(Harris et al., 2002; Keller et al.,              
2008)​. ​Validation tests were completed to identify the number of PTMs and the             
sequences used (described in SI Methods 2 and 3, SI Table 1, 2, and 3). The peptide                 
markers which were shared between all species from the analysis of the MALDI data              
were confirmed through analysis of the Atlantic salmon and coho samples. The masses             
corresponding to the unique peptide markers were checked in all samples to find             
sequences. 
 
Following this analysis, diagnostic peptide markers which still had no confirmed           
sequence data were analyzed through an error tolerant search strategy for identification            
of novel sequence variants using assisted ​de novo sequencing. This approach was            
validated using coho MS/MS data with rainbow trout sequences as the database in             
Byonic (described in SI Methods 4, SI Table 4, SI Figures 1 and 2) using the following                 
less restrictive parameters to allow for identification of potential sequence variants:           
cleavage sites fully specific C-term R and K; 1 missed cleavage allowed; mass changes              
- 2 common, 2 rare; common: oxidation on K, M, P, deamidation on N, Q; rare: all                 
sequence variants, wildcard search disabled​. Following validation the MS/MS spectral          
data for three species (pink, sockeye, chum) were then reanalyzed with the same             
parameters, but with the database including all salmon type I sequences. ​To reduce the              
number of potential oxidations that Byonic needed to identify, we identified fixed proline             
oxidation sites through the results of the initial biomarker confirmation searches. We            
then fixed these sites as oxidized prolines in Byonic and reran the error tolerant              
searches, thus increasing the possibility of finding mutations on peptides with a high             
number of proline oxidations. 
 
Once all the putative biomarkers had sequence data, these locations were mapped            
back onto the full protein sequences for collagen type I using Geneious v.11.1.5             
(​https://www.geneious.com​). The locations of the peptide markers were compared to          
known mammal peptide markers (A-G, P1, P2) ​(Buckley et al., 2014, 2009)​. The             
locations were also compared between the two versions of each gene to identify the              
masses of all sequence variants for all of the locations where peptide markers were              
present (SI Figure 5). The peptide marker sequences, as well as all sequence variants              
at those locations, were used to create a biomarker database for ​Byonic which             
consisted of: 1) the putative biomarker sequences and all of the sequence variants             
found in either the genetic or the error tolerant protein sequencing at those locations; 2)               
all of the collagen III and V genes that are publicly available for salmonids; 3) any                
protein that was in any of the top ten proteins found in the whole proteome validation;                
and 4) common contaminants. ​The MS/MS data from every species was then analyzed             
using Byonic (with the same parameters as the non-error tolerant Byonic run, but with 5               
common, 1 rare mutations allowed). The proteins were filtered to a protein false             
discovery rate (FDR) of <1%. The peptides were filtered so that only peptides with a               
PEP 2D score less than 0.001 were considered (all of the peptides with a PEP 2D score                 
had peptide FDR scores of less than 0.1%). A peptide marker was considered present              
in a species if the marker had a coverage depth of at least 3x with masses                
corresponding to the mass present in the MALDI spectra. These combined analyses            
resulted in a list of sequences for the shared and diagnostic peptide markers for the               
Pacific salmon species​. The above steps were able to resolve the amino acid sequence              
for all but one of the biomarkers; only a single peptide marker at m/z 1936 (specific to                 
coho) could not be confirmed. ​Additional analyses undertaken to resolve the sequence            
for this marker, including additional LC-MS/MS, MALDI-TOF-MS/MS and expanded         
database searches, are described in the SI Methods 6​.  
 
2.5 Biomarker Test 
The diagnostic peptide markers identified above were validated in a blind test on the 28               
archaeological samples. Collagen was extracted from the archaeological samples using          
the methods described above, with enzymatic digestion taking place with trypsin only.            
As above, 1 μL of extract was mixed with 1 μL of α-cyano-hydroxycinnamic acid and               
spotted in triplicate with calibration standards, and run on a Bruker ultraflex III MALDI              
TOF/TOF mass spectrometer. As there were no remains of the rainbow/steelhead trout            
identified in the Nunalleq archaeological remains, we used available sequence data and            
MALDI-TOF spectra from modern reference samples to confirm that the diagnostic           
peptide markers could also differentiate the Pacific salmon from rainbow trout. Spectra            
were visually inspected using the mMass software ​(Strohalm et al., 2008) and poor             
quality spectra (i.e., with low signal to noise ratios, or few to no discrete peaks) were                
eliminated from the dataset. Spectra were then provided with new sample codes (by             
CFS) and compared against the list of prospective peptide markers in a blind test.              
Following independent identification by two different researchers (ZB, KKR), shared and           
diagnostic peptide markers which appeared in all samples of the same species were             
incorporated into Table 2, and the resulting ZooMS taxonomic identifications compared           
to the genetic identifications. MALDI data was uploaded to Zenodo RN 2649336            
(doi:10.5281/zenodo.2649336).  
 
3. Results  
3.1 Ancient DNA Species Identifications 
Mitochondrial DNA was successfully amplified and sequenced from 27 of the 28            
archaeological samples, a success rate of 96%. Table 1 provides the mtDNA-based            
species identification results confirmed through phylogenetic analysis of the ​cytb and           
D-loop fragments (SI Figure 4)​. The contamination control procedures undertaken in           
this study were successful at eliminating any systematic contamination as no PCR            
amplification was observed in blank extracts or PCR negative controls. D-loop and cytb             
sequences from all samples yielded the same species identities, suggesting that there            
was no cross-contamination between samples.  
 
3.2 Collagen Peptide Markers 
3.2.1 Protein Sequence Data and Expression 
Salmonids retain two different versions of each collagen type I gene from the whole              
genome duplication and some species are expressing both versions of the genes in             
their transcriptomes ​(Pasquier et al., 2016)​. Therefore, each species will have a total of              
six potential collagen genes rather than the usual three for fish and two for mammals               
and birds. We were able to reconstruct the entire expressed protein sequence for all six               
of the genes for Atlantic salmon, brown trout, and rainbow trout; five out of six               
sequences for coho and two for chum (SI Table 5). LC-MS/MS data indicated that both               
versions of all three genes are being expressed in every individual both for             
archaeological and modern samples (SI Methods 5, SI Figure 3). Therefore, all six             
proteins where available were used as the sequence input for Bacollite and Byonic. 
 
3.2.2 Theoretical Biomarkers 
Processing the MALDI-TOF spectra with Bacollite yielded around 300 combinations for           
theoretical peptide markers and candidate sequences, in addition to the 16 published            
peptide markers ​(Harvey et al., 2018) and ten potential peptide markers identified            
through visual comparison of spectra from the five archaeological samples (SI Figure 6).  
 
3.2.3 Shared Biomarkers 
Comparison of the LC-MS/MS data from Atlantic salmon and coho with published            
sequence data confirmed 24 peptide markers from the MALDI-TOF spectra shared           
across the six Pacific salmon species, rainbow trout, brown trout, and Atlantic salmon             
tested in this study (Table 2). These markers were used to confirm both the overall               
quality of the spectra, and an identification to the salmonid family, before the diagnostic              
markers were used to distinguish the species. The majority of the peptide markers             
(n=18) have only a single peptide sequence that composes the peak at that m/z ratio.               
However, four of the peptide peaks (m/z 1359, 1520, 1536, 1600) have two sequences              
with the same mass that are present in the LC-MS/MS data. Peaks associated with all               
four of these masses were present in all of the MALDI-TOF spectra which is in               
agreement with the data from mammals that some of the primary peaks are actually              
composed of more than one peptide with similar masses. These masses should be             
used with caution for identification. An additional three masses (m/z 1185, 1800, 2472)             
that were present in all of the samples were not included in the list of 24 peptide                 
markers because the peaks were composed of three or more different peptides, and the              
composition of the particular peptides differed between species. These masses should           
be included for future developmental work on salmonids using LC-MS/MS analysis, but            
because they are a complex mixture, they should not be used when only MALDI-TOF              
data is available. 
 
Table 2​: ​Shared peptide markers that are present in all species, and with efficient ionisation in the 
MALDI-TOF MS.   
 
 
Five peptide marker peptides share masses (m/z 1443, 1600, 1764, 1774) with peptides             
found in the common laboratory contaminants for ZooMS: keratin and BSA. Three of             
these five have other levels of proline hydroxylation that are present in the MALDI-TOF              
spectra, but two only are present in areas with contaminants. The obtained LC-MS/MS             
data displayed very little contamination as well as no evidence for these potential             
contaminant peptides in our dataset; nevertheless, when using only MALDI-TOF          
spectra for species identification, contaminants and authentic collagen peptides cannot          
be easily differentiated. Therefore, these peptides are not recommended for sole use as             
‘diagnostic’ species determination peptides to indicate a salmonid species, but instead           
used in conjunction with other markers to make taxonomic identifications. 
 
Harvey et al. ​(2018) identified nine biomarkers shared between the two ​Salmo species.             
We find six of these present in all of the salmonid species we tested (COL1A1T62,               
COL1A2T45, COL1A2T61, COL1A1T73, COL1A2T56, COL1A1T85). An additional two        
markers were not visible in the MALDI-TOF spectra, but were present in the LC-MS/MS              
(COL1A1T47 and COL1A2T21). Therefore, differences in collagen extraction or         
preservation may account for the lack of these markers in the MALDI-TOF spectra,             
rather than true sequence differences. The final marker, COL1A2T69 is one of the nine              
major diagnostic mammal markers (peptide D). This region of the collagen sequence            
contains two diagnostic mammal markers separated by a three amino acid peptide (SI             
Figure 5). In several families of fish including salmonids there is an arginine instead of a                
proline in the middle of COL1A2T69, resulting in two smaller markers. All of our              
samples contain the second half of COL1A2T69 from Harvey et al. (2018) at m/z 882.               
However, some fish including salmonids also have a lysine instead of an arginine as the               
amino acid before COL1A2T69. This appears to not be cleaved effectively in all sample              
preparation methods as Harvey et al. ​(2018) observe a peak at m/z 1220 which              
corresponds to the first half of COL1A2T69, while we find the peak at m/z 1520/1536               
corresponding to a missed cleavage at the lysine before COL1A2T69 adding three            
amino acids of COL1A2T68 to the first half COL1A2T69. 
 
Harvey et al. ​(2018) identified two diagnostic biomarkers for Atlantic salmon and brown             
trout. One of these markers, COL1A2T3, was not present in any of the samples, but as                
our samples generally had a poor resolution above m/z 3000 we would encourage             
further exploration of this mass area where possible for diagnostic markers. The other             
marker COL1A3T47 was present in our samples; all of the Pacific species we tested              
shared the sequence variant identified in brown trout at m/z 996. 
 
3.2.4 Diagnostic Biomarkers 
We identified three potential candidate markers for distinguishing between the salmonid           
genera ​Salmo and ​Oncorhynchus ​(COL1A2T56, COL1A2T53/54, and COL1A2T67)​.        
Although distinguishing between these two genera may not be relevant in many            
archaeological contexts as the ranges of these two genera rarely overlap, it may be a               
useful method for investigating historic samples and introduced species. We caution,           
however, that these potential markers should be confirmed through the analysis of            
additional ​Salmo​ species and specimens.  
 
We identified fourteen markers that uniquely distinguish the six Pacific salmon species            
present in our modern and archaeological assemblages. We confirmed the sequence           
locations and variations using genetic sequence data for ten of the markers, we             
identified three additional markers through error tolerant ​de novo sequencing, and one            
sequence remains unresolved ​(Table 3, SI Figure 7). The marker with an unknown             
sequence (m/z 1936) is only present in coho. We present here two sequences from a               
theoretical digestion of collagen which could correspond to this marker as they show             
variation between the species in genetic data; nevertheless, they were unable to be             
confirmed through LC-MS/MS ​or MALDI-TOF-MS/MS​. Furthermore, coho only has         
genetic data available for one version of the col1a1 and therefore, 1936 could             
correspond to an unknown variant of col1a1 which was unable to be identified through              
error tolerant searching. We propose that the marker at 1936 derives from salmonid             
collagen type I as: 1) it is diagnostic in the archaeological samples, which displayed little               
evidence of contamination in the form of common contaminant sequences in the            
LC-MS/MS analysis; 2) it does not correspond to any other protein in the salmonid              
proteomes which were tested; and 3) the majority of the peaks in the MALDI-TOF              
spectra could be correlated with strict trypsin digestion of peptide fragments from            
collagen type I (and not other proteins) based upon the LC-MS/MS data. The clear              
detection of this peptide in the MALDI-TOF spectral data but not the LC-MS/MS data              
may reflect differences in ionization between MALDI and ESI ​(Stapels and Barofsky,            
2004)​. ​Nevertheless, until the sequence for this species-specific marker can be           
confirmed (e.g., through genomic sequencing of coho collagen), we recommend that           
this marker be used with caution, and/or confirmed with other biomolecular methods            
(e.g., mtDNA or morphometric analysis).  
 
Table 3​: ​Diagnostic markers for the Pacific Salmonid species (bold) along with the other 
sequences at those positions with inefficient ionisation in the MALDI-TOF MS (§) or which may be 




We were able to confirm the sequences of the other thirteen diagnostic peptide             
markers. Ten of the markers are clearly sequence variations. One of the markers (m/z              
2122) corresponds to a taxa-specific oxidation state of the shared sequence between all             
species for COL1A2T56 (m/z 2138), which is present in sockeye, chum and Atlantic             
salmon. In combination with other markers, 2122 is important as a diagnostic marker for              
chum. In our dataset, this oxidation state was fixed across all individuals within sockeye,              
chum and Atlantic salmon. Nevertheless, it will be important to test the extent to which               
this is consistent in salmonids across a range of environments and time periods. Thus,              
we caution that the identification for chum should be first made using the shared              
salmonid markers, then by the diagnostic markers shared between chum and coho and             
the absence of the diagnostic coho marker (m/z 1936), finally the presence of a peak at                
2122 should be considered. Ideally, a subset of the putative ZooMS-identified chum            
samples should have taxonomic identifications confirmed through ancient DNA analysis.  
 
As salmonids express two versions of the collagen I genes, there are several             
combinations of the six genes that may lead to diagnostic biomarkers. First, both             
versions are identical in most species, but there is a variant in one version leading to a                 
diagnostic peptide marker. This is the case for COL1A1T56 where all species have the              
same version at 2138, but pink salmon have a difference in one gene copy leading to an                 
additional peak at 2152 (Figure 4a). Second, the versions are different from each other              
but shared between all the species, and one version has a variant leading to a               
diagnostic peptide marker. This is the case for COL1A1T85 where all species share one              
version with a mass at 2612. Most species share the second version at 2669, except for                
sockeye which have a distinctive marker at 2699 (Figure 4b). Third, there are variants of               
both versions which express in different ways in different species groups. This is the              
least common of the options, and it is mostly seen when including the genus ​Salmo in                
the analysis. The most obvious example of this case is COL1A3T49 where there are              
two versions, each of which has a variant that is present in one species. However, only                
one of the four variants is easily identifiable in the MALDI-TOF spectra (m/z 2142              
present only in pink salmon) —the others were identified only in the LC-MS/MS data. 
 
 
Figure 4​: ​Examples of the diagnostic peptide markers in MALDI-TOF spectra.  a) Close-up of 
peptide marker at peptide code COL1A1T85 for the Pacific Salmonid species.  All five species 
share the one version of the peptide that flies at m/z 2612.  Four of the species (lower spectra) 
share their second version which flies at m/z 2669.  Sockeye (upper spectra) has a difference in 
that version which creates a species diagnostic peptide marker at m/z 2699.  b) Close-up of 
peptide marker at peptide code COL1A2T56 for the Pacific Salmonid species.  All five species 
share the peptide that flies at m/z 2138.  Four of these species (lower spectra) have two copies of 
this version, with a substitution in one version in pink salmon (upper spectra) which yields a 
diagnostic peptide marker at m/z 2152.  c) Close-up of peptide marker at m/z 1936 for the Pacific 
Salmonid species.  All five species share the peptide COL1A1T78 that flies at m/z 1934.  Coho 
(upper spectra) has a diagnostic peptide that flies at m/z 1936.  The peak from this peptide 
overlaps the isotope distribution from the shared peak at m/z 1934, but clearly shows an increase 
in signal corresponding a new peptide and not the falling isotope distribution for the peptide with 
the primary peak at m/z 1934. 
 
 
Given the relative similarity of collagen sequences between salmon species in           
comparison to other fish species, and the fact they are expressing two versions of all               
three collagen genes, unique biomarkers were not found for all species; nevertheless,            
unique ​combinations of markers were found for all species including predicted markers            
based upon sequence data for rainbow trout. These diagnostic peptide markers include            
a marker at 1936 found in coho. All species share a peptide marker at 1934 and the                 
isotope peaks overlap the diagnostic marker at 1936, so care should be taken to assess               
the difference between a new peptide with a primary peak at 1936 and the secondary               
isotope peaks from the peptide with the primary peak at 1934 (Figure 4c). 
 
3.3 Species Identification using Diagnostic Biomarkers 
In a blind test, we assessed the reliability and replicability of identifying the suite of 24                
shared peptide markers, and ​14 diagnostic peptide markers in 28 archaeological           
salmonid bones. All of the shared markers were present in all 28 of the archaeological               
spectra, although some were present in quite low intensities (S/N ratio of 3 or relative               
intensity at 1%). Using the ​14 diagnostic peptide markers, the blind test was successful              
in assigning species-level identification to all 28 of the archaeological specimens. For            
the diagnostic peptide markers, two of the archaeological salmonid samples          
(​13141.59.F2 and 13130.227.F1) were each missing one diagnostic marker         
corresponding to their species, but successful species-level identification of all samples           
was still possible based on the combination of other peaks. Blind analysis of the              
archaeological salmon spectra by two different observers identified identical lists of           
shared and diagnostic peptide markers for each of the 28 archaeological samples,            
respectively. For the 27 archaeological samples identified to species through genetic           
analysis, ZooMS and DNA-based identifications produced the same result.  
 
4 Discussion  
4.1 Pacific Salmonid Biomarkers 
We demonstrated that each salmon individual expresses both versions of their three            
collagen genes in bone (SI Methods 5). Further, we were able to identify patterns of               
diagnostic peptide markers that distinguish the Pacific Salmonid species. For five of the             
species (chinook, sockeye, coho, pink, and chum) these markers allowed successful           
identification of the archaeological specimens from Nunalleq. ​We noted excellent          
collagen preservation in the salmon remains from Nunalleq, with all of the shared and              
diagnostic peaks present in the majority of the remains. Thus, we achieved a high              
success rate for species identifications using the ZooMS approach. At archaeological           
sites where collagen is not as well preserved, taxonomic identifications may not always             
be possible to the species level if not all diagnostic markers are present. ​We used               
MALDI-TOF spectra from a modern reference sample of rainbow trout to confirm that             
these diagnostic peptide markers could also differentiate rainbow/steelhead trout from          
other Pacific salmon, although we recommend that these diagnostic peptide markers           
should be validated on a larger assemblage of modern and/or archaeological rainbow            
trout specimens. Finally, we were able to identify several candidate markers for            
distinguishing between the genera ​Salmo and ​Oncorhynchus​. As the number of ​Salmo            
species we tested was low, these candidate markers should be further investigated to             
assess whether these markers vary within the ​Salmo ​genus. ​Likewise, future research            
is necessary to examine the effectiveness of the ZooMS approach for distinguishing            
masu salmon in the Western Pacific, the Pacific trout, and the other ​Oncorhynchus             




4.2 Identification of collagen biomarkers for fish 
ZooMS relies on the identification of taxa specific biomarkers. In mammals, the            
sequence data for ZooMS peptide markers have frequently been identified using a            
“bottom-up” approach. This approach generally uses MS/MS data to search proteomics           
databases (UniProt and SwissProt) for homologous proteins and assisted ​de novo           
sequencing to find single amino acid changes among closely related species ​(Buckley            
et al., 2009)​. When sequences are highly conserved, such as in the collagen of large               
mammals, minor variations in the collagen sequence are easily identified using this            
approach ​(Welker et al., 2015a, 2015b)​. Other groups, such as small mammals and             
fish, are more challenging because they have fewer published sequences available           
(Song and Wangs, 2013) (SI Figure 8) and faster mutation rates —thus more potential              
variation in collagen sequences ​(Gu and Li, 1992; Martin and Palumbi, 1993; Takezaki,             
2018)​. This challenge is augmented for salmonids because they express six collagen            
genes (rather than three) due to their whole genome duplication. The “bottom-up”            
approach is more challenging when sequences are highly divergent, reference          
sequences from closely related species are unavailable, and/or the post-translational          
modifications (particularly proline hydroxylation) are less understood. As the number of           
potential amino acid differences and post-translational modifications increase, the         
computational time and power needed to analyze the data expands exponentially and            
the certainty for any individual amino acid substitution decreases. As several of the             
diagnostic peptide markers we found had three or four amino acid differences from each              
other, using the “bottom-up” approach, would be difficult and time intensive. 
 
We, therefore, used a “sequence-guided” approach, starting with acquiring as much full            
sequence data for closely related species as possible including mining transcriptome           
databases for collagen sequences. As several salmonid species have complete          
genome sequences (or are highly studied due to their commercial value), we acquired             
collagen sequences for five salmonid species that allowed us to understand the            
variation within the collagen genes and between versions of genes. Then we used this              
data to identify a list of potential peaks present in the MALDI-TOF spectra and using this                
list we identified peptide markers that were unique to each species. This more targeted              
approach reduced the computational time for peptide marker identification.         
Subsequently, through visual comparison of the spectra, we identified five additional           
masses as potential markers in species that lacked published sequence data, and thus             
we only needed to attempt assisted ​de novo sequencing to identify a limited number of               
peptides with known mass values (m/z 1936, 2122, 2142, 2152, 2699). ​We confirmed             
sequence differences for three of these markers with the parameters tested (m/z 2142,             
2152, 2699). In addition, we confirmed that one of the markers was a taxa-specific              
variation in oxidation state rather than a sequence difference (m/z 2122) and should             
therefore be used with caution during identification. ​When looking at a large number of              
diverse species (like different families of fish) this “sequence guided” approach both            
provides more robust results and requires less computational time. ​Nevertheless, the           
fact that we were unable to identify the sequence for peptide 1936 highlights the              
challenges in identifying diagnostic biomarkers for relatively understudied taxa like fish.           
As fish collagen databases continue to expand, and as full genome sequence data             
becomes available for more species, we will likewise expand the capacity to rapidly             
identify and confirm species-specific markers. 
 
4.3 Comparison of new fish markers to published mammal markers 
There are nine major markers that are used to identify mammal species using ZooMS              
(A - G, P1, P2) ​(Buckley et al., 2014, 2009)​. Two of the markers are on col1a1 in                  
mammals. We checked these areas in both col1a1 and col1a3 in salmon. Marker F              
does show sequence differences, but none of these peptides are reliably present in the              
MALDI-TOF spectra. Harvey et. al ​(2018) identified marker P1 as present in the spectra              
from both col1a1 and col1a3. In col1a1 both versions are identical in all of the salmon                
species tested (COL1A1T47, m/z 1010). In col1a3 there are two versions in salmon.             
One is present in all species tested at m/z 1040. The other version is one of the                 
diagnostic biomarkers found by Harvey et. al ​(2018)​. All of the Pacific salmon share the               
same variant with brown trout at m/z 996. 
 
The other six markers for mammals are on col1a2. Two of these markers are found as                
either shared (C) or diagnostic (G) markers in salmon. Marker A is present in our               
salmon samples, but its peak is composed of at least four different peptides, some of               
which have different expression between different species of salmon, and is therefore            
not suitable as a salmonid marker. Three of the markers (B and D) are affected by                
amino acid differences which interfere with trypsin digestion (SI Figure 5) and either             
create different markers or do not appear in the MALDI-TOF spectra. Given that             
one-third of the standard mammal markers are affected by mutations that affect trypsin             
digestion and all three collagen chains have roughly equally high mutation rates as             
opposed to the slower and differential mutation rates between col1a1 and col1a2 in             
mammals ​(Buckley, 2018; Buckley et al., 2008)​, a new set of standard markers need to               
be developed specifically for fish. In addition, given the diversity of fish sequences, we              
expect this to be a larger standard set than is necessary for mammals. ​Until a new                
standard set of markers is proposed and validated, the presence of at least half of the                
shared salmonid markers should be confirmed before species specific identification is           
attempted in order to ensure that the MALDI-TOF spectra in fact derives from salmonid              
collagen type I (SI Table 6). 
 
4.4 ​Comparison of biomolecular approaches for taxonomic 
identification 
In this study, taxonomic identifications obtained through genetic approaches were in           
complete agreement with those obtained through ZooMS. The success rate for both            
identification methods was extremely high: 27 of 28 archaeological bones were           
identified through mtDNA analyses (96%), while 100% of the samples were identified            
through ZooMS. Several studies have noted a high success rate for fish DNA             
amplification from archaeological contexts along the Northwest Coast ​(Cannon and          
Yang, 2006; Ewonus et al., 2011; Moss et al., 2016/8; Speller et al., 2012)​, suggesting               
that conditions are generally favorable for ancient DNA preservation in such Holocene            
deposits. Nevertheless, PCR inhibitors have been noted to significantly impact the           
success of some ancient DNA studies in this region ​(Grier et al., 2013; Kemp et al.,                
2014; Monroe et al., 2013; Palmer et al., 2018)​; in these contexts, ZooMS may be a                
more efficient species identification method than traditional DNA methods. Compared to           
ancient DNA analysis, ZooMS also offers additional advantages in terms of sample            
throughput and laboratory cost. As such, it is an ideal screening method for             
species-level identifications and estimations of overall biomolecular preservation ahead         
of high-resolution genomic studies of phylogeography ​(Brown et al., 2016; Star et al.,             
2017)​ or phenotype ​(Royle et al., 2018; Thompson et al., 2019)​.  
 
ZooMS is also valuable because it can be used on fragmentary bone or from bone               
elements that can not be morphologically identified (such as rib bones). In many cases              
these bones cannot be identified even to the family level or identifications differ between              
experts ​(Gobalet, 2001; LeFebvre and Sharpe, 2018)​. Here, we provide shared markers            
that could be useful for identifying bones first as Pacific Salmon, and subsequently to              
the species level. As ZooMS markers for fish are currently very limited, this approach is               
still in its infancy. However, once more markers are published, the resolution will             
drastically increase allowing fast and relatively inexpensive identification of fish bones           
when archaeological questions require a higher taxonomic resolution than         
morphological analysis can provide. 
 
The ability to identify fish bones using a cost-effective method has implications for both              
archaeological and palaeoecological research. In archaeological contexts, this method         
could enhance our understanding of human economic strategies and resource          
exploitation. Species identification would also then facilitate other types of analyses, for            
example, stable isotope analysis for informing more nuanced isotopic mixing models of            
human palaeodiet. Such analyses could also inform palaeoecological research, not only           
allowing insight into salmon population biodiversity through time but also —when           
integrated with other analyses such as stable isotope research— the exploration of            
niche plasticity amongst different species. We show the great potential for ZooMS to             
work well on fish bones —a potential currently limited by the lack of reference              
MALDI-TOF spectra and collagen sequence data for taxa of zooarchaeological interest           
as well as the limited number of laboratories providing ZooMS identifications. 
 
4.5 Implications for the Nunalleq Site 
The inability to securely identify pacific salmon vertebrae to species using traditional            
zooarchaeological comparative methods restricts our understanding of fishing strategies         
and salmon exploitation at Nunalleq, a major component of subsistence not only in the              
archaeological past but also historically and into the present day in the Y-K Delta. This               
study has shown the promising potential of rapid collagen-based species identification           
to resolve a significant issue in ​archaeological research at Nunalleq, where salmon            
remains, particularly vertebrae, predominate, as well as for other Bering Sea and            
Northwest Pacific coast sites where salmon remains are frequently recovered ​(Butler           
and Campbell, 2004; S. K. Campbell and Butler, 2010; McKechnie and Moss, 2016)​.  
 
Though the sample is unlikely to be fully representative of all salmon exploitation at              
Nunalleq, it nevertheless demonstrates that ​all species of Pacific salmon available           
within the study region were exploited​. Applied to a larger sample from different types              
of deposits (i.e., house floors and storage pit fills), and occupation phases, rapid             
collagen-based species identification has the clear potential to elucidate salmon          
exploitation strategies, storage practices and food habits at the site, as well as             
investigate potential changes in subsistence through time. The latter would be of            
particular interest in the context of the Little Ice Age (LIA), which likely affected salmon               
populations during severe climatic episodes ​(Finney et al., 2000)​. Zooarchaeological          
evidence has already confirmed that salmon exploitation likely decreased during the LIA            
at the site: whether or not this decrease was universal or related to the disappearance               
of certain species from the menu can now be a subject of future work. 
 
Even from these initial results, however, the potential predominance of chum salmon            
(making up 30% of the salmonid assemblage) is intriguing as the species has a low fat                
content and was preferred ethnographically as a dried source of food stored in the              
winter for dogs and humans ​(Cannon and Yang, 2006; Seitz, 1990; Walker et al., 1993)​.               
Keeping dog teams required significant amounts of food, especially during the winter,            
and the amounts necessary are estimated to be similar to the requirements of humans              
(McManus-Fry et al., 2018; Morey and Aaris-Sørensen, 2002)​. The high proportion of            
chum identified could represent the feeding of dogs at the site, who were vital for               
traction and hunting (Masson-MacLean et al. in review). Future research could include            
the sampling of fish remains identified in dog coprolites ​(Masson-Maclean et al., n.d. In              
review)​ to test this hypothesis. 
 
 
5. Conclusion  
Through combined biomolecular methods including collagen sequencing, peptide mass         
fingerprinting, and ancient mtDNA analysis, we identify a series of collagen peptide            
markers that can distinguish Pacific salmon using MALDI-TOF, and validate these           
species-specific classifications through ancient mtDNA analysis. These collagen        
biomarkers provide a rapid and cost-effective method for distinguishing Pacific salmon           
within archaeological contexts, and further expand the applicability of ZooMS to           
archaeological fish bone assemblages from the Pacific Northwest. Considering the          
importance of marine resources in the lives of Indigenous cultures of the region, ZooMS              
has a high potential for increasing the taxonomic resolution for other morphologically            
cryptic fish taxa, including small forage fish like smelt, herring and eulachon ​(Palmer et              
al., 2018)​, and the (over 70) species of Northeast Pacific Rockfish (​Sebastes spp.)             
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